Non-member XANES region optical properties of the following four carbon compounds with π* molecular orbitals are investigated: C 60 , C 70 , a carbon nanotube, and graphite. To determine the real and imaginary parts of the optical constants of the above, the atomic-scattering factors of these compounds near the K-edge of carbon are calculated using observed XANES spectra data and the Hartree-Slater method. Anomalous dispersions are observed in the real and imaginary parts of the optical constants near the K-edge. Each of the compounds are found to possess refractive indices that vary sharply with photon energy. In fact, we provide optical data for these four compounds that has not previously been given anywhere else.
Introduction
Near absorption edge optical properties of compounds are determined largely by each compound's chemical bond structure. Compounds with differing chemical bond structures will poseess different XANES (X-ray absorptions near-edge structures) absorption spectra (1) . One class of compounds that have received a good deal attention for their interactions with X-rays are carbon compounds. This is because carbon compounds can be easily fabricated to design multilayer devices. Carbon-based optical devices are of interest to those designing X-ray microscopes, and especially to those designing XANES microsopes. This is because XANES microscopes provide high resolution distribution images of carbon atoms in cells by exciting the 1s carbon electron to a π* or σ* molecular orbital (2) . Since these excitation processes mainly take place in the XANES region, the 284 eV to 320 eV region, it has long been assumed that carbon could not serve as a material with which to fabricate multilayer optical devices for use in a XANES microscope.
Our research, however, suggests that such a conclusion was not well-founded. Although it is true that many publications, such as the Henke table, provide considerable data on the optical constants in the X-ray region for many compounds, little comparable data exists on the optical constants in the XANES region (3) . In particular, very little data exists on the optical properties of different carbon compounds in the XANES regions. The present work addresses this void by calculating the atomic scattering factors in XANES region for four carbon compounds with π* orbitals, namely, C 60 , C 70 , a carbon nanotube, and graphite. Based on these results, we investigate the optical properties of carbon compounds near carbon K-edge. In fact, we provide optical data for these four compounds that has not previously been given anywhere else. In a later paper we suggest how these results can be used to a design carbon-based multilayer optical device (4) .
Calculation of the Atomic-Scattering Factor Near the Carbon K-edge
To calculate atomic-scattering factors in the XANES region, we first divided up the entire photon energy region into three regions: the XANES region, the upper photon energy region, and the lower photon energy region. Next, we used the following three-step procedure: (i) We calculated the imaginary part of the atomic-scattering factors, F 2 , over the entire photon energy region, except for the XANES region; (ii) To obtain F 2 for the whole energy region, we combined the calculated F 2 with observed XANES values from the region; (iii) We calculated the real part of the atomic-scattering factors, F 1 , using the F 2 values calculated in step (i) and the Kramers-Kronig relation.
In the procedure outline above, we employed the observed XANES spectra for the P-polarization measured in the photon energy region from 275 to 320eV. For C 60 , C 70 and the carbon nanotube we referred to the data by Imamura et. al. For graphite, we referred to the data by Rosenberg (1) (5) . Fig.1 shows a sample spectrum of how the absorption cross-section for a carbon compound depends on photon energy. In addition to the XANES region, there are two regions, denoted by HS in Fig. 1 , which are calculated using Hartree-Slater methods. In the higher HS region, which is far from the carbon K-edge, the absorption cross-section for the 1s inner-shell excitation process can be neglected. This means that we only need to consider shell ionization processes to calculate the total absorption cross-section σ (E). To do so, we recall that every molecular orbital can be written in terms of a linear combination of atomic orbitals (LCAO) as follows: represent their respective population numbers, σ(E) corresponds to a sum of the ionization cross-sections of the 1s, 2s, and 2p electrons, and E is the photon energy. Next, we consider the lower HS region. As shown in Fig.1 , there are absorption resonance lines below the 30eV energy region. These correspond to the excitation cross-section of the 2s and 2p electrons. These lines, however, hardly influence the values of optical constants in the XANES region because they are located far from the XANES region. Consequently, we can neglect their contribution to the total cross-section. This implies that σ(E) for the lower region can be approximated by summing the ionization cross-sections of the 2s and 2p electrons of the carbon atoms, where φ i and φ f is the wavefunction of the initial and the final state, respectively, and <φ i |r|φ f > represents a dipole matrix element. To obtain σ(E) for the entire photon energy region, the calculated σ (E) in the HS regions was combined with the XANES data. To combine the calculated values with the data, we calibrated the data at the lower (275 eV) and higher (320 eV) energy boundaries using data calculated by the Hartree-Slater method. Using this σ(E), F 2 for the entire photon energy region was calculated by (4) where r e is the classical electron radius and λ is the wavelength of a photon. Next, F 2 was transformed into F 1 by the Kramers-Kronig relation: (5) where ω is the angular frequency of the photon and P is the principle value. Finally, we obtained F 1 and F 2 in the XANES regions.
Results and Conclusions
Fig . 2 shows the atomic-scattering factors obtained for C 60 , C 70 , a carbon nanotube, and graphite at an incident angle of 55 degrees. As shown in Fig. 2 , all four compounds show a strong resonance absorption line around 285eV and a broad absorption band above 290eV. In other words, all four show anomalous dispersions. This means that each of the compounds will possess a refractive index that varies sharply with photon energy. The dispersion around 285eV is caused by the 1s to π* transition, and the dispersion above 290eV is caused by the 1s to σ* transition. Although refractive indices are usually assumed to be very small in the X-ray region, the calculated F 1 values for graphite and C 60 were found to fall below -6. To the best of our knowledge we are the first to note the peculiar and complicated properties these four compounds exhibit in the XANES region. It is expected that these properties can be used to design a carbon-based multilayer optical device. This possibility is developed in a separate paper (4) . 
